Ethidium bromide (EB) was more efficient than ethyl violet or rifampin as a curing agent for the penicillinase plasmids of Staphylococcus aureus strains. The effects of EB on growth and on the loss of the penicillinase plasmid of PS 81 were studied in detail. The growth rates of PS 81 and an EB-cured derivative were identical in broth, but the cured derivative had a shorter lag in the presence of added 6 x 10-6 M EB. The shortened lag was due to prior exposure to EB as the cured derivative and an EB-treated but uncured strain of PS 81 gave identical growth lag and growth rates in the presence of EB. The curing of PS 81 by EB occurs in three phases. After a 4 to 5 hr lag, there is a 100-fold increase in the number of penicillinase-negative cells, and the proportion of cured cells continues to rise until 10 to 12 hr. Thereafter, the population becomes refractory to further curing, and the proportion of penicillinase-negative cells remains constant at about 20% of the total. Penicillinase-positive survivors of EB treatment showed increased EB resistance and were cured at lower rates upon subsequent EB treatment. Isolated colonies of the parental strain PS 81 were heterogeneous in their EB sensitivity. Thus, EB does not competitively favor spontaneously cured penicillinase-negative cells but appears to act in a manner analogous to acridine orange on the plasmids of enteric bacteria.
Plasmid-borne determinants of Staphylococcus aureus are often lost spontaneously and irreversibly at rates greater than normal mutation rates. Various physical and chemical agents have been used to increase the elimination rate. A substantial increase over the spontaneous elimination rate by such agents has been considered indicative of a plasmid location of the markers involved. However, in some cases, spontaneous negative variants are selected rather than produced by the agent. Possible selective effects may be ruled out by determining the rate of appearance of negative variants during growth of the positive culture under curing conditions (10) .
Reported curing treatments for penicillinase plasmids include growth at 43 C (8) and growth in the presence of ethidium bromide (EB; reference 4), ethyl violet (EV; S. Schaefler, Bacteriol. Proc., p. 61, 1970), and rifampin (7) . The highest rates of elimination of penicillin resistance were obtained with EB. The present study confirms this observation and describes the effects of EB on growth and elimination of the penicillinase plasmid of S. aureus.
MATERIALS AND METHODS
Bacterial strains. The strains used were penicillinresistant propagating strains (PS) of the International Phage Typing Series except for strain 233, a penicillinresistant, mercury-sensitive clinical isolate maintained in our stock culture collection. Two substrains of PS 81, each isolated after overnight growth in 6 x 10' M EB, were also used and are designated 81-6-R and 81-6-S. The former retains the penicillinase plasmid whereas the latter is plasmid-negative.
Media. Tryptone Soy Agar (TA; Oxoid) and Trypticase Soy Broth (TSB; BBL) were used routinely. The .3CY medium described by Novick (9) at pH 7.6 containing 1.5 x 10-6 M sodium methicillin (Staphcillin, Bristol Laboratories) and designated .3CYM was used for detection of penicillinase production.
Detection of penicillinase production and metal-ion resistance. Penicillinase production was detected by staining with N-phenyl-naphthylamine-azo-O-carboxybenzene (PNCB, British Drug Houses) as described by Novick and Richmond (11) . The disc method as described by Novick and Roth (12) was used for detection of metal-ion resistance employing the same ions and concentrations.
PLASMID CURING BY ETHIDIUM BROMIDE nation in EB (Calbiochem). Starting with an initial inoculum of 10' colony-forming units (CFU) per ml, cells were incubated with shaking for 24 hr at 37 C in TSB containing 6 x 10-6 M EB and then plated on .3CYM to determine loss of the penicillinase plasmid.
Elimination of the penicillinase plasmid in the presence of rifampin (Ciba) was performed as described by Johnston and Richmond (7) .
Plasmid loss in the presence of EV (Matheson, Coleman, and Bell) was determined with an initial inoculum of 10" CFU/ml in 1.25 tig of EV per ml. Cells were incubated for 48 hr with shaking at 37 C and plated on .3CYM (Schaefler, personal communication).
In all curing experiments, at least 2,000 colonies were stained with PNCB to determine the elimination rate. Sectored colonies were scored as fractions of colonies. For example, when one-half of a clone was unstained, the clone was scored as 0.5 negative colony and 0.5 positive colony. Penicillinase-negative colonies were purified after growth in TSB containing 1 mg of penicillinase per ml (Nutritional Biochemicals Corp.) and tested for metal-ion resistance. A strain was considered plasmid-negative if penicillin resistance and the metal-ion resistance markers it carried were co-eliminated.
RESULTS
Elimination of the penicillinase plasmid. Loss of the penicillinase plasmid in the presence of EV, rifampin, EB, and after EB treatment at 43 C were compared ( Table 1) . Loss of penicillin resistance was detected for all three agents, although EB treatment consistently resulted in the highest amount of curing. EB treatment at 43 C had a synergistic effect resulting in about a threefold increase in the level of curing of the strains tested. The penicillin-sensitive colonies tested also became sensitive to the metal ions to which each strain was resistant. No loss of peni- cillin resistance was detected in PS 80, although cadmium, mercury, and arsenate resistances were co-eliminated. The penicillin resistance genes are chromosomal in this strain (2), whereas metalion resistance markers are carried on a penicillinase-like plasmid (3).
Growth of S. aureus in 6 x 10-6 M EB. Strain PS 81 carries penicillin, cadmium, mercury, and arsenate resistance markers on its plasmid. The growth of this strain, its penicillinase-negative derivative (81-6-S), and PS 81 previously exposed to EB (81-6-R) was compared in both TSB and 6 x 10-6 M EB. The initial inocula were about 10' CFU/ml. When grown separately in broth, the growth curves of PS 81 and its cured derivative were identical ( Fig. 1 ), but in EB the penicillinase-negative cells had a shorter lag, and their cell concentration was consistently higher than that of the original parent (Fig. 2) . The EB-treated strain of PS 81 (81-6-R) also had a shortened lag period, so that the growth of the two EB-treated strains was parallel, and neither appeared to have a selective advantage. The decreased lag period was due to prior exposure to EB.
Appearance of negatives during growth of the positive culture in EB. Both PS 81 and 81-6-R were grown separately in 6 x 10-6 M EB. Samples were plated on .3CYM and stained with PNCB to determine the number of penicillinasenegative clones. Five to 10 penicillinase-negative clones from each time period were screened for metal-ion resistance. These clones were metal-ion lo? sensitive, indicating that the penicillin and metalion resistance markers had been co-eliminated.
Curing at a rate greater than the spontaneous rate from 81-6-R did not occur until 4 hr of incubation (Fig. 3) . At this time the number of negatives increased 100-fold, whereas the total population increased only 1.5 times. By 10 hr the growth curve of the plasmid-negative cells paralleled that of the penicillinase-positive cells, both reaching a plateau by 24 hr.
The results observed with PS 81 not previously exposed to EB were the same except there was an additional 1-hr lag before the initial increase in penicillinase-negative cells.
Rate of elimination of the penicillinase plasmid. In separate curing experiments, the rate of loss of the penicillinase plasmid from PS 81 and 81-6-R was determined. As shown in Fig. 4 , elimination of the plasmid markers was first observed after 4 hr. Between 4 and 6 hr, 0.006 of the PS 81 population and 0.004 of the 81-6-R population had lost the plasmid markers, representing, respectively, 7.5-and 40-fold increases over the initial level. The per cent elimination then continued to increase until about 12 hr, after which the fraction of cured cells in the population remained constant (14 to 20%).
Nature of the uncured population. Twenty uncured, EB-treated colonies grown in 6 x 10-6 M EB showed decreased elimination rates (15.9 to 3.2%) compared to PS 81 (20% or more). The This increase in EB resistance was not altered after serial subculture in TSB, indicating that the increased resistance may be a genotypic change. After five cycles of growth in EB, a concentration of 1.2 x 10-5 M was required to produce plasmid loss. These rates were low (0.06 to 0.12%), and in some cases the clones tested were refractile to curing by EB or by growth at 43 C. However, there was no evidence for selection of chromosomal penicillin resistance in these strains, as cotransduction of penicillin and metalion resistance markers to PS 52 gave typical plasmid behavior with ultraviolet irradiation of the transducing phage (1). DISCUSSION EB substantially increased the rate of loss of the known penicillinase plasmid markers over the spontaneous rate in the 6 strains tested as well as loss of the penicillinase-like plasmid in PS 80; the rates varied depending on both the strain and the curing conditions. The curing rates with EB were consistently greater than those obtained with EV or rifampin. Before considering that a treatment was effective in plasmid curing, it was necessary to demonstrate that the apparent curing was not due to selective action favoring cured or negative cells.
The apparent selective advantage of the EBcured derivative of PS 81 over untreated PS 81 appears to be due to a shortened lag period as a result of EB exposure and was not evident when the cured derivative was compared to EB-treated but uncured PS 81. Grant (5) observed that the lag time of Klebsiella aerogenes increased in the presence of EB, but, after repeated subculture in EB, the lag time decreased rapidly. One would not expect that spontaneously cured cells would have a selective advantage over plasmid-bearing parental cells if neither has been previously exposed to EB.
The rate of appearance of penicillinase-negative cells during growth of the positive culture in EB and the percentage of negative variants appearing in the population with time indicate further that EB does not selectively favor penicillinase-negative cells. An increase in the number of negative cells originally present does not occur until both positive and negative cells begin to multiply after 4 hr (Fig. 3) . The rapid 100-fold increase in the number of negative cells during the next 2 hr is too great to be due simply to selective forces. Thus, EB must cause loss of the penicillinase plasmid.
When uncured cells were cured by further exposure to EB, the rates of elimination decreased, and resistance to EB increased. Individual colonies of an untreated population were heterogeneous in their EB resistance, and the resistance levels tended to increase slightly after 24 hr of growth in EB (unpublished data). There was no significant difference in the resistance levels of EB-treated penicillinase-positive and penicillinase-negative cells.
The kinetics of curing S. aureus with EB (Fig.  4) There appears to be a 6-to 8-hr sensitive phase followed by a refractory phase.
Although EB effectively eliminates the known markers on the staphylococcal penicillinase plasmids, we have not been able to show that EB enhances the elimination of the tetracycline resistance marker in PS 81. However, after growth in the presence of EV, 20 to 30% of the population of this strain became tetracycline-sensitive (unpublished data) indicating that the tetracycline resistance marker is also plasmid-borne. The reason for the preferential action of these two agents for different plasmids carried by the same strain is as yet unresolved.
EB causes loss of the known penicillinase plasmid markers, but subsequent work has revealed that complete loss of the penicillinase plasmid is dependent on the strain. Strains such as PS 52, in which the plasmid has been artificially introduced by transduction, appear to lose the entire plasmid when subjected to a curing treatment, whereas naturally occurring penicillinase plasmid-bearing strains such as PS 81 appear to retain a large fragment, losing only the known resistance markers (13) .
